ATP and luciferin are not only substrates of firefly luciferase, but can, in addition, modulate its activity. High concentrations of luciferin induce a conformational change of the enzyme that temporarily reduces the catalytic rate. Re-activation takes approx. 20 min and is independent of variation in the concentration of enzyme or ATP, but lengthens with increasing luciferin concentration. High concentrations of albumin reduce this luciferin effect. The kinetic properties of firefly luciferase determined from initial rates and at steady state after 1 min of INTRODUCTION
INTRODUCTION
The light production of firefly luciferase is one of the most sensitive analytical tools for detection of ATP. With a detection limit in the femtomolar range it should be an ideal method for measuring intracellular ATP concentrations in living cells. At present two different models are used to describe the luciferase kinetics. The Rapid Equilibrium Random bireactant mechanism [1, 2] can be applied to peak-light analysis. The post-flash decay is thought to result from a slow product release. The finding of a second binding site for MgATP led to an extension of this model. The peak and the low-level light production in the steady state have since then been ascribed to the action of two independent ATP sites [3] . According to this model a low-affinity site is inactivated after the peak, whereas a high-affinity site is responsible for the activity at steady state.
However, experiments performed in the presence of low ATP concentrations revealed a slow kinetic transient, whereas existing models predict a stable activity under these conditions. A mechanism that explains the observed transition is proposed and compared with the previous models.
MATERIALS AND METHODS Chemicals
Firefly luciferase (EC 1.13.12.7), D-luciferin (luc), ATP and electrophoretically homogeneous, freeze-dried BSA were purchased from Boehringer (Mannheim, Germany). Hepes was obtained from Calbiochem (La Jolla, CA, U.S.A.). KOH (Suprapur) was from Merck (Darmstadt, Germany). KCl and MgCl2 were of 'pro analysi' grade. Quartz-bidistilled water was used throughout. The reagent buffer used in all experiments consisted of 50 mM Hepes adjusted to pH 7.6 with KOH, containing 20 mM KCl and 5 mM MgCl2. Albumin (Figure 1, 0) . However, in experiments started without preincubation as well as after preincubation of luciferase with ATP, there are pronounced changes in activity with time. There is an initial peak followed by a slow kinetic transient. This phenomenon can be detected with luc concentrations higher than 20 ,uM. The halftime of the transient increases with increasing luc concentrations, but shortens with increasing concentrations of albumin. Thus, at an albumin concentration of 0.1 mg/ml, the half-time changes from 1.8 min at 50 ,uM luc to 7.9 min at 500 ,tM luc. A 100-fold Table 2 Comparison between rival kinetc models
The variation of initial rates observed after preincubation of luciferase for different periods of time with luc was fitted to the proposed model of re-activation (Scheme 1) with the regression program FITSIM. Three models were examined by increasing the number of varied parameters.
The goodness-of-fit is expressed as SSQ and Q2. Since preincubation times less than 20 s cannot be controlled precisely enough, those data points were taken from progress curves (n = 3). A total of 209 data points from seven experiments were used in the analysis. The nonvaried (n.v.) parameters were set to zero. Km and Ks values were taken from This phenomenon can be explained by the mechanism shown in Scheme 1. According to Michaelis-Menten kinetics it is assumed that the initial light production corresponds to the concentration of ternary complexes. The shift in the luciferase activity is independent of catalysis, since it is a function of the contact time between enzyme and luc. In preincubations of luciferase with luc, the binary complex, E-luc, accumulates. Our model explains the inactivation of luciferase as the result of the binding of an additional luc molecule to form an inactive complex, E*-luc2. The slow transient is due to an isomerization of E*-luc2, leading to a catalytically active form.
Rate and equilibrium constants are obtained by fitting the initial rates to Scheme 1 using the KINSIM and FITSIM programs. Three rival models have been analysed. The simulation using four parameters gave the lowest SSQ and Q2 and was thus chosen as the best-fitting model (Table 2 ). Figure 2 shows the variation of the initial light production as a function of the preincubation time with luc. The continuous line is the fourparameter simulation of Scheme 1. The distribution of residuals is plotted versus the predicted initial rates in Figure 3 . There is an essentially random distribution of the values within the 95 % confidence interval as determined from t statistics and the calculated experimental error.
Post-flash kinetics determined 1 min after the peak A linearization of the rates determined 1 min after the peak is only possible at low substrate concentrations. Analysis of secondary plots after preincubation with luc yields a Km for ATP of 6.1 ,uM and a Km for luc of 2.7 ,uM. The Vmax is reduced to 30 % of the peak light activity. Analysis after preincubation with ATP shows a similar reduction of the Km values, whereas the Vmax is reduced to 13 % of the peak value.
Lineweaver-Burk plots are curved near the ordinate at high substrate concentrations. Increasing luc concentrations inhibit the reaction, leading to upwardly curved plots. Increasing ATP concentrations activate the enzyme, and this results in hyperbolic plots (Figure 4 ). This phenomenon is common for both ATP and luc preincubations. 
DISCUSSION
It was reported previously [7] that the activity of luciferase during catalysis is reduced as a result of slow product release from the enzyme-product complex. The results presented here show that the catalytic properties of luciferase can be further influenced by their substrates, ATP and luc. The finding of a slow kinetic transient makes it necessary to modify the Rapid Equilibrium Random bireactant mechanism commonly used in peaklight analysis. Scheme 1 shows the extension of that mechanism by a luc-induced conformational change. According to the proposed mechanism, the binary complex E-luc is accumulated in luc preincubations. Binding of additional luc inactivates the E-luc complex. Hydrophobic substances such as detergents bind unspecifically to luciferase and induce conformational changes [8] . Depending on their chemical structure, stimulatory or inhibitory effects can be observed [8, 9] . Since luc is very hydrophobic, the transient may be due to unspecific binding of luc to hydrophobic domains of the enzyme. E*-luc2 is inactive, since binding of additional luc molecules results in an unfavourable conformation that does not allow catalysis. However, there must be a reasonably fast equilibration between E-luc and E*-luc2 complexes, since the enzyme is not completely inhibited after the peak.
The kinetic simulation showed that the isomerization between E*-luc2 and E-luc2 is mainly governed by a single rate constant, k2. The back reaction exerts only an insignificant influence on the formation of E-luc2 from E*-luc2. Thus, after the transition is completed, E-luc is replaced by E-luc2 and the stronger luc binding observed after preincubation with luc (Table 1) is consistent with this model.
The luc-induced conformational change is much slower than the substrate binding and is thus not observed in analyses of the initial rate when the enzyme has been preincubated with ATP. But once the enzyme has been in contact with luc, inhibition takes place. This explains the post-flash decay shown in Figure 1 . Since k1 is a second-order rate constant, the post-flash decay will only be observed at luc concentrations above a certain level.
According to Scheme 1, the rate constant k3 makes the light production proportional to the concentration of ternary complexes. Since the analysis is based on normalized values, k3 cannot be determined.
Albumin can bind to luciferase and stimulate the light production [8] . Thus high concentrations of albumin may prevent additional binding of luc to luciferase and reduce the transition induced by luc.
The analysis of the post-flash kinetics gives linear Lineweaver-Burk plots only at low substrate concentrations. Vmax and Km values for both substrates are reduced in an uncompetitive manner.
The reduced Km value for ATP in post-flash measurements has been attributed to a second active site for ATP that becomes visible after the flash [3] . The model is based on the finding of an additional binding site for MgATP on the luciferase dimer. However the Km value for luc is reduced in a manner similar to that of the Km value for ATP. Thus the changed catalytical properties observed in post-flash kinetics are rather the result of the complex steady-state rate equation than of the action of a second active site for any of the substrates. Applying MichaelisMenten kinetics in post-flash kinetics must change the meaning of Km and Vmax, since enzyme-product complexes are created during catalysis that are not present in the analysis of the peak light. The presence of a single active site for ATP is furthermore confirmed by the analysis of the initial rates at low ATP concentrations.
The observed substrate activation by ATP at high substrate concentrations indicates the presence of an allosteric binding site for ATP. The regulatory function of ATP, whereby binding of ATP promotes the product release from the E-P complex ,was originally proposed by Rhodes and McElroy [7] .
The stimulation of the post-flash light production by CoA [10] and CTP [11] has demonstrated the regulatory function of nucleotides. Thus binding of nucleotides to the E-P complex may induce conformational changes that promote the product release. Since ATP binds to the E-P complex, the allosteric effect cannot be observed in the analysis of the initial rates or in the steady state at low substrate concentrations where the concentration of E-P is comparatively low.
The different Vmax values obtained in post-flash measurements, depending on the order of substrate addition, are explained by the mechanism described in Scheme 1. Since the transition takes place in the presence of luc, but independent of catalysis, no E*-luc2 complex is left after preincubation of the enzyme with luc for 30 min. In the opposite case, however, where the reaction is started by adding luc to ATP and luciferase a substantial amount of E*-luc2 complex is formed which reduces the concentration of free enzyme and hence the catalytic rate.
The model presented here explains unstable luciferase kinetics observed at low concentrations of ATP and fairly high luc concentrations. Since bioluminometric assays are often performed with high concentrations of luc [12, 13] to increase the total light production, the luc-induced transient during the first phase of monitoring must be carefully considered. Activation of post-flash measurements through an allosteric binding site for ATP further complicates monitoring, since a rise in the ATP concentration leads to non-hyperbolic concentration-rate dependencies.
The application of substrate analogues in monitoring experiments [14] demonstrated that the luciferase activity inside the cell is still sensitive towards allosteric regulators, limiting their usefulness in ATP-monitoring experiments [15] . The use of stimulatory substances has its advantage mostly in increasing the sensitivity of bioluminometric assays when using the firefly luciferase gene as a reporter [11] . Thus neither high luc concentrations nor the use of allosteric regulators are appropriate means of increasing light production during ATP monitoring. A stable steady-state luminescence may be achieved by preincubating the enzyme with luc. This prevents the initial burst of light and avoids the inactivation that follows. The apparent Km value for ATP, furthermore, increases at low luc concentrations and extends the linear range during ATP monitoring.
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